Hyperphalangy is a digit morphology in which increased numbers of phalanges are arranged linearly within a digit beyond the plesiomorphic condition. We analyse patterns and processes of hyperphalangy by considering previous definitions and occurrences of hyperphalangy among terrestrial and secondarily aquatic extant and fossil taxa (cetaceans, ichthyosaurs, plesiosaurs and mosasaurs), and recent studies that elucidate the factors involved in terrestrial autopod joint induction. Extreme hyperphalangy, defined as exceeding a threshold condition of 4/6/6/ 6/6, is shown only to be found among secondarily aquatic vertebrates with a flipper limb morphology. Based on this definition, hyperphalangy occurs exclusively in digits II and III among extant cetaceans. Previous reports of cetacean embryos having more phalanges than adults is clarified and shown to be based on cartilaginous elements not ossified phalanges. Developmental prerequisites for hyperphalangy include lack of cell death in interdigital mesoderm (producing a flipper limb) and maintenance of a secondary apical ectodermal ridge (AER), which initiates digit elongation and extra joint patterning. Factors of the limb-patterning pathways located in the interdigital mesoderm, including bone morphogenetic proteins (BMPs), BMP antagonists, fibroblast growth factors (FGFs), growth/differentiation factor-5 (GDF-5), Wnt-14 and ck-erg , are implicated in maintenance of the flipper limb, secondary AER formation, digit elongation and additional joint induction leading to hyperphalangy.
Introduction
Although some recent studies have considered a phylogenetic pattern of hyperphalangy (Richardson & Oeschläger, 2002; Richardson & Chipman, 2003) , development of the cetacean forelimb in general (Sedmera et al. 1997; Sterba et al. 2000) or evolutionary reduction of cetacean hindlimbs (Bejder & Hall, 2002) , additional observations and theoretical considerations are warranted and provided here to extend these studies.
We analyse patterns and processes of hyperphalangy by considering previous definitions and occurrences of hyperphalangy among terrestrial and secondarily aquatic extant and fossil taxa (cetaceans, ichthyosaurs, plesiosaurs and mosasaurs), and recent studies that elucidate the factors involved in terrestrial autopod joint induction. Development and evolution of hyperphalangy is fundamentally about patterning of the joints within the autopod; the number of joints formed within the digit determines the number of phalanges.
Recent progress that provides insight into the factors involved in joint induction among terrestrial taxa is considered to provide possible directions for future work on cetacean limb development.
Hyperphalangy is a digit morphology wherein the number of phalanges arranged linearly within an individual digit is increased above the plesiomorphic condition (Fig. 1B) . Polyphalangy is often used synonymously with hyperphalangy. However, we use polyphalangy, as in Meteyer (2000) , to refer to branched digit morphologies, in which an extra row of phalanges is associated with a metapodial element (Fig. 1C ).
This distinguishes phalanges added co-linearly (hyperphalangy) and adjacently (polyphalangy), to acknowledge that each of these morphologies may result from different processes or have unique functional or selective attributes. Some uncertainty remains as to whether polyphalangy results from an extra developmental branching event or formation of a phalangeal row de novo (Shubin & Alberch, 1986; Cohn et al. 2002) . With polyphalangy, both phalangeal rows might contact the same metapodial element or the phalangeal rows may diverge mid-digit, and thus contact a phalanx proximally .
A third modification to digit morphology seen in some tetrapods including some cetacean flippers is polydactyly (Fig. 1D) , which designates the addition of an extra metapodial element beyond the plesiomorphic condition. This extra metapodial might or might not have phalanges distally. Padian (1992) presented a system to describe the distribution of phalanges within the autopod. Digits are listed medial to lateral (I/II/III/IV/V), by the number of phalanges present. We account for intrataxa variation in phalangeal formulae of a digit by listing the range observed (e.g. 3-4) for the variable digit and therefore separate each digit by a slash, '/'. The highly conserved terrestrial mammalian phalangeal formula can be represented as 2/3/3/3/3 ( Fig. 2A) . When a metapodial lacks phalanges, the digit is scored with a '0'; if no metapodial or phalanges are present the absence of the digit is scored with an 'X'.
Terrestrial hyperphalangy
Increases in phalangeal number are rare among terrestrial amniotes. The trend is towards a reduction in the number of both digits and phalanges from the ancestral amniote formula of 2/3/4/5/4 (Carroll, 1988) , such as the terrestrial mammalian formula 2/3/3/3/3.
Identification of phalangeal formulae in the literature is not always based strictly on adult ossified elements.
The phalangeal formula for Alligator mississippiensis has been shown to be 2/3/4/5/4 (manus) and 2/3/4/5/0 (pes), not the previously accepted formula (2/3/4/3/2) based on ossified elements of both the manus and the pes in adults (Romer & Parsons, 1977) ; the distal-most phalanges of digits IV and V do not ossify (Müller & Alberch, 1990) . Distinction between cartilaginous and ossified phalanges is crucial for discussions of hyperphalangy. Counting of cartilaginous phalangeal elements is difficult in extant material and impossible among fossil taxa. Therefore, only ossified elements are considered Fig. 1 Diagrammatic right forelimbs in anterior view. (A) From proximal to distal, the tetrapod limb is composed of the stylopodium, zeugopodium, mesopodium, metapodium (grey shading) and phalanges. Together, the metapodium and phalanges are referred to as the autopodium. Shown here is a typical mammalian autopod with the phalangeal formula 2/3/3/3/3. Other theoretical limbs demonstrate (B) hyperphalangy (digits III-IV), (C) polyphalangy (digits III and IV), and (D) a polydactalous autopod with one extra digit.
Fig. 2 (A)
The right forelimb of a cat exhibits the typical terrestrial mammalian phalangeal formula 2/3/3/3/3. (B) The pentadactyl limb evolved probably from an ancestral eightdigit ancestor similar to Acanthostega, which shows a phalangeal formula 3/3/3/4/5/5/5/4. The mesopodial elements (carpals) are not known in the ancestral tetrapod Acanthostega, they were presumably cartilaginous and did not fossilize. A -modified from Liem et al. (2001) , B -modified from Coates & Clack (1990). true phalanges for this study, and phalangeal formulae are based on ossified elements unless otherwise stated.
Based on the ancestral squamate phalangeal formula 2/3/4/5/3 (manus) and 2/3/4/5/4 (pes), Greer (1992) and Greer & Smith (1999) identified rare phalanx additions among several terrestrial squamate taxa ( Table 1) . While considering the functional significance of increased numbers of phalanges, Greer (1992) noted that all increases occur on the margins of the autopod (Table 1) , and proposed functional advantages for extended foot reach and improved digging. However, as digit length data were not provided, it is uncertain if digit length correlates with an increase in the number of phalanges. The distinction between digit length and phalangeal number is important; if the number of phalanges /joints increased without increasing digit length, other functional explanations may be more appropriate (e.g. increased flexion). Conversely, there are many examples in which digit length increases without increasing the number of phalanges (e.g. bats, pterosaurs). Richardson & Chipman (2003) suggest that the aquatic turtle genus, Chitra , with a phalangeal formula of 2/3/ 3/6/4, and an extensively webbed manus, represents another example of limited phalanx addition. Although there are some examples of small increases in number of phalanges among terrestrial vertebrates, the additions are small and do not appear to exceed a maximum of six phalanges in any one digit.
Fossil record
Although small increases in the number of phalanges are rare among terrestrial taxa, hyperphalangy is common among several groups of secondarily aquatic amniotes and involves extreme morphological change.
Ichthyosaurs are marine diapsids from the Triassic to Late Cretaceous. Similar to modern dolphins, ichthyosaurs had a fusiform body shape, albeit with a vertical, not horizontal, orientation to the caudal tail fin. Like many aquatic vertebrates, ichthyosaurs appear to have used lateral undulation to provide thrust, employing their elongate, paddle-shaped limbs for steering (Carroll, 1988) . The oldest ichthyosaurs (Lower Triassic) had an ossified phalangeal formula of 2/4/4/4/1, similar to their terrestrial tetrapod ancestors (Carroll, 1988) .
Later ichthyosaur taxa demonstrate extreme examples of hyperphalangy, with some digits containing over 20 phalanges (Fig. 3A) . The more recent forms also demonstrate polyphalangy (Motani's 'supernumerary digits'), thought to result from branching of the digit anlagen (Motani, 1999) . Numerous examples of embryonic ichthyosaur skeletal material have been recovered and demonstrate that ichthyosaurs gave live birth and were fully aquatic.
Mosasaurs, another group of secondarily aquatic squamates common during the Upper Cretaceous, demonstrate hyperphalangy of pectoral and pelvic limbs (Caldwell, 2002) . There is some evidence that mosasaurs gave live birth (Bell et al. 1996) , and like ichthyosaurs, mosasaurs probably relied on the laterally compressed tail to provide thrust and used their elongate paddle-shaped limbs for steering (Carroll, 1988) .
During a discussion of developmental constraint, Richardson & Chipman (2003) examined the broad phylogenetic distribution of hyperphalangy among amniotes. They defined hyperphalangy as any increase beyond the ancestral amniote formula 2/3/4/5/3, and then examined if hyperphalangy was co-distributed with some possible adaptive traits such as digit elongation, swimming style, digging or modes of terrestrial Greer (1992) and Greer & Smith (1999 Bejder & Hall (2002) reviewed changes in early cetacean limb morphology after the transition from terrestrial to aquatic habitats during the Eocene (52-42 million years ago). They pointed out that, although the Eocene archaeocetes (early cetaceans) show many adaptations for aquatic life, they do not demonstrate hyperphalangy. Unfortunately, little is known about the manus structure of the earliest fossil archaeocetes.
Cetacean hyperphalangy

The archaeocete Rodhocetus balochistanensis (47 Ma)
demonstrates a phalangeal formula of the manus comparable with that of most modern terrestrial mammals.
Medial and lateral processes on the phalanges of the pes ( Fig. 4A ) suggest the feet were webbed (Gingerich et al. 2001) . Basilosaurids, the sister taxa to extant cetaceans, also do not demonstrate hyperphalangy (Uhen, 1998) . With the recent increase of fossil cetaceans being described it will be of interest to determine if any early fossil taxa demonstrate hyperphalangy. Analysis of the distribution of hyperphalangy among extant cetaceans, however, predicts that none of the fossil forms will demonstrate this morphology (see below).
Hyperphalangy is common among extant cetaceans (Table 2 ) and can be extreme in some taxa, with up to 14 phalanges in the Pilot Whale, Globicephala melas ( Fig. 4B ). Unlike the highly constrained phalangeal formulae in terrestrial mammals, there is considerable variation in phalangeal counts both between and within cetacean taxa (Nishiwaki, 1972) , as well as frequent asymmetrical variation of phalangeal counts between left and right limbs in a single individual (Sedmera et al. 1997) .
Ontogenetic variability has also been proposed, with the maximum number of phalanges said to occur in the late embryonic stages, rather than in adults (Bejder & Hall, 2002) . True (1904, p. 143 ) originally took issue with this idea and considered the discrepancy to have come about when Kükenthal (1893) included metacarpals in his embryonic phalangeal counts. Kleinenberg et al. (1969) reported that Beluga embryos have more phalanges than adults; however, their study counted metacarpals along with both cartilaginous and ossified phalanges (Table 3) . Although some cartilaginous phalanges may fuse through ontogeny, it seems unlikely that the number of ossified phalanges per digit decreases as cetaceans age.
To examine the distribution of hyperphalangy among extant cetaceans, we have chosen to use a high threshold definition of hyperphalangy, in which if any We follow Omura (1975) and consider Balaenoptera and Megaptera digits IV and V of previous authors (Tomilin, 1967) as representing digits III and IV (see text). digit exceeds the phalanx state of 4/6/6/6/6, the digit is considered to represent hyperphalangy. Richardson & Chipman (2003) noted that the threshold at which authors choose to demarcate the occurrence of hyperphalangy is somewhat subjective, and certainly affected by phylogenetic hypotheses of ancestral states. We believe using a high threshold has several benefits.
The high threshold clearly demarcates dramatic increases above the plesiomorphic mammalian condition (2/3/3/ 3/3) and tends to filter out any problems in the literature resulting from inclusion of metapodials or cartilaginous elements. In addition, a digit that exceeds six phalanges represents a new tetrapod morphology, surpassing the plesiomorphic tetrapod phalanx state of 3/3/3/4/4/5/5/4 (Fig. 2B ) suggested in one of the earliest known tetrapods, Acanthostega (Coates & Clack, 1990) . Using data from the literature (Table 2) The analysis shows that hyperphalangy evolved three times among extant cetaceans, with two reversals (Fig. 5) . Hyperphalangy evolved separately in the Mystacoceti and Odontoceti. Based on the character distribution across extant cetaceans, hyperphalangy is not expected to be found among fossil taxa. Furthermore, hyperphalangy is found among cetaceans with both large ( Balaenoptera and Megaptera ) and small ( Delphinus , Kogia and Lagenorhynchus ) body sizes ( Table 2 ). Therefore, a size-dependent factor to explain the development of hyperphalangy is not appropriate.
Some authors have considered Balaenoptera and
Megaptera whales as having lost digit III (Tomilin, 1967) . This would be very surprising, however, and a clear violation of a 'forbidden morphology' (Holder, 1983a ). Instead we follow Omura (1975) and consider 
Cetacean limb development
The ability to obtain adequate embryonic material is a major challenge for conducting comparative cetacean limb development studies. The remote habitat and threatened state of many wild populations, and the problems of obtaining preparturition (embryonic) stages from live females are only the most obvious difficulties.
Two scenarios would circumvent these challenges.
The first would rely on quick recovery of embryonic material from recently deceased females stranded, washed ashore or captured during fishing activity. This would require the cooperation and training of individuals who would respond to cetacean strandings. Regrettably, this sampling method would rely on chance, and it would be difficult to obtain a broad spectrum of various staged samples. Studies discussed below used collections of embryos recovered from tuna nets in the 1970s (Richardson & Oeschläger, 2002 A recently published staging guide for embryos and fetuses of several cetaceans (Sterba et al. 2000) provides some insight into details of cetacean digit development. Early on (Sterba et al. stage three), the limb is the typical shape for terrestrial mammals.
Gradually (stage five, 32-42 days), the humerus, radius, ulna and unsegmented digital rays may be observed, and the hand-plate is symmetrical along the third digit. Later still (stage six, 41-52 days), the 'axis of the hand-plate is shifted from the third to the second ray which increases in length' (Sterba et al. 2000, p. 100 ).
Addition of digital phalanges in digits II and III is also noted during this stage. Richardson & Oeschläger (2002) confirmed that the proximal elements of the white-sided dolphin autopod developed in a pattern similar to that of terrestrial vertebrates, including phalanx joint induction. However, they also showed that prolonged maintenance of a small section of apical ectodermal ridge (AER) distal to 
Terrestrial digit development
Studies of terrestrial amniote (e.g. chick and mouse) limb development and joint induction provide details regarding factors likely to influence hyperphalangy.
These studies detail interactions between AER maintenance, interdigital mesoderm and phalangeal joint patterning.
Elongation
The proximodistal axis is specified at the earliest limb Fig. 6A ) (Fallon et al. 1994; Macias et al. 1996; Sun et al. 2002; Sanz-Ezquerro & Tickle, 2003) . Removal of the AER ceases limb outgrowth, producing distally truncated limb morphologies. However, limb outgrowth can be rescued by local application of exogenous FGF-2 (Fallon et al. 1994) . FGF-8 is broadly expressed across the AER in late stages of chick limb development, then localized above the digits during final digit elongation, finally terminating in a sequence that corresponds with increasing number of phalanges in both manus (Sanz-Ezquerro & Tickle, 2003) and pes (Gañan et al. 1998) (Fig. 6B-D) .
Bone morphogenetic proteins (BMPs) are expressed broadly across early limb buds, and within the interdigital mesoderm at later stages. BMPs are involved in chondrocyte maturation and cell death induction, and limit outgrowth of the limb by promoting AER regression (Pizette & Niswander, 1999) . For example, Although not related to hyperphalangy, BMPs have also been shown to increase digital condensation width (Macias et al. 1997) , and branched digits result from experimental application of BMP to the anterior interdigital mesoderm (Duprez et al. 1996) . It is interesting to consider that digit branching (polyphalangy) may result from BMPs increasing condensation width during elongation, to an extent at which the distal condensation is influenced by multiple elongation (FGF-8) signals from the AER (Fig. 7C ).
Patterning
The digits are the last limb elements to appear, and the metapodials and phalanges of a digit are initially continuous anlagen. Only after elongation is this anlagen segmented to produce the common digit morphology of multiple, linearly arranged phalangeal elements.
There is convincing evidence that amniote phalangeal joints are patterned by interaction(s) between digital rays and factors in interdigital mesoderm. Dahn & Fallon (2000) demonstrated that digital joint pattern (2), and to play a role in joint development by preventing BMP down-regulation of transcription factors such as ck-erg (3). Initially ck-erg is found along the entire anlagen, but becomes down-regulated by BMP-7, which is limited to areas of presumptive phalanges. Following joint induction, Wnt-14 and Gdf-5 are expressed in developing joints, while Indian hedgehog (Ihh) is up-regulated in phalanges and promotes bone development. A hypothesized explanation for the development of polyphalangy (C) suggests BMPs increase the radial diameter (double arrow) of an elongating anlagen to such a point that it becomes influenced by multiple FGF-8 signals from the AER (arrows), causing the anterior and posterior distal tip to expand in different directions (dashed lines).
is determined by signals originating from the most posterior interdigital mesoderm a digit contacts (Fig. 6C) , and they considered BMPs to be the most likely agent specifying 'digit identity' (the number of phalanges).
However, it seems BMPs may negatively regulate phalanx joint formation. BMP-7 is located in the perichondrium of digital anlagen, except in areas of presumptive joints, whereas exogenous BMP-7 applied to the interdigital mesoderm results in phalangeal joint failure (Macias et al. 1997) . BMP-7 is thought to downregulate ck-erg , a transcription factor initially found within the perichondrium along the whole length of the anlagen, but is later restricted to areas where phalangeal joints will form Macias et al. 1997) . Brunet et al. (1998) found the phalangeal joint pathway was interrupted in Noggin-deficient mice based on non-expression of growth/differentiation factor-5 (GDF-5) in mutant digits whereas Gdf -5 was expressed in early phalangeal joints of wild-type mice.
Hartmann & Tabin Wnt-14, Gdf-5 joint formation pathway (Fig. 7A ).
Digit separation
Following digit elongation and joint patterning, most amniotes attain separation of the digits by apoptosis of interdigital mesoderm cells (Cameron & Fallon, 1977) .
Initiation of interdigital cell death is concurrent with flattening of the AER; however, early removal of AER does not induce cell death. Therefore, the link is probably coincidental rather than causal (Gañan et al. 1998 ). BMP-4 has been implicated as the specific factor inducing interdigital cell death (Macias et al. 1997);  when endogenous BMP in the chick leg was blocked with a retrovirus, reduced interdigital cell death (syndactyly) resulted (Zou & Niswander, 1996) . Gañan et al. (1998) Howell (1970 Howell ( , reprint of 1930 provided a thorough summary of historical hypotheses for the development of hyperphalangy, while proposing his own explanation.
Hyperphalangy hypotheses
Howell suggested that extra phalanges are added distally, in a stepwise manner after three phalanges (the plesiomorphic condition) differentiate within the autopod. Howell believed this theory for hyperphalangy was the 'only one yet advanced to which the known embryological evidence supplies any confirmation' (p. 266).
Both continuation of the AER for limb outgrowth and maintenance of pattern formation mechanism(s) have been identified as important factors for generation of hyperphalangy (Holder, 1983b ). Holder's observation that factors affecting pattern formation must remain operational suggests maintenance of the interdigital mesoderm is of importance based on our current understanding of digit joint patterning. Caldwell (1997a) proposed (Fig. 7C) . The study of factors involved in the development of polyphalangy could provide data to evaluate further the debate regarding branching events (Shubin & Alberch, 1986; Cohn et al. 2002) and to help better understand malformations during limb development (Meteyer, 2000) .
As mentioned previously, supernumerary digits of ichthyosaurs have been interpreted as developing via bifurcation of digital anlagen during elongation.
Therefore, 'supernumerary digits' of ichthyosaurs might also be attributed to increased levels of BMP in the interdigital mesoderm.
Conclusions
It is important to clarify the ontogenetic stage being sampled (embryonic vs. adult morphologies) and whether ossification is a prerequisite for identification and counting of phalanges. Previous reports that cetacean embryos have more phalanges than adults are based on including cartilaginous elements, which are difficult to count accurately in flippers from adults, and impossible to identify in the fossil record.
Extreme hyperphalangy is limited to taxa with flipper autopods living in aquatic habitats. The absence of extreme hyperphalangy in any terrestrial taxa suggests there may be a (mechanical) constraint for this morphology.
Hyperphalangy is found exclusively in the central digits, and has evolved multiple times among extant cetaceans.
Additions of a single phalanx in some terrestrial taxa seem limited to the peripheral digits; however, terrestrial digits never exceed six phalanges. 
